Fibrosing colonopathy, a recently described complication of patients with cystic fibrosis, manifests clinically approximately 7-12 months after starting high dose pancreatic enzyme treatment. Although the pathogenesis of fibrosing colonopathy is unknown, it is highly correlated with pancreatic enzyme dose. In this study, immune mediated factors which may be associated with fibrosing colonopathy were explored. Sera from 14 patients with cystic fibrosis and meconium ileus were collected at diagnosis and then longitudinally for four to five years after enzyme treatment. Sera were analysed for total IgG and antiporcine trypsin IgG using an ELISA assay. Before enzyme treatment, serum antiporcine trypsin IgG concentrations were negligible, at 2.9 (SD 0.3) µg/ml. Thirteen patients (93%) developed a significant antibody response to porcine trypsin after starting enzyme treatment, reaching a peak concentration of 69.4 (20.1) µg/ml 7-12 months after the introduction of enzymes. Since peak IgG concentrations coincided with published reports of time of onset of symptoms of fibrosing colonopathy, local injury by protease or by immune mediated mechanisms may be responsible for the pathological changes in this iatrogenic disease.
Patients with cystic fibrosis and pancreatic insuYciency are prescribed pancreatic enzyme supplements with meals in an attempt to normalise digestion. 1 2 Pancreatic enzyme supplements were first available as porcine powdered extracts in gelatin capsules. Due to inactivation of the enzymes by gastric acid and pepsin, it was estimated that only 8% of the ingested lipase and 22% of the proteases actually reached the intestinal lumen. 3 In the 1970s, enzymes were developed composed of microspheres or microtablets coated with an acid resistant film. Theoretically, the acid resistant coating protects the enzymes from gastric inactivation, but following entry into the duodenum, the coating dissolves, releasing intact enzymes to initiate digestion. Despite the theoretical advantage of these products, significant numbers of patients with cystic fibrosis continued to experience severe maldigestion. 4 5 In 1991, high strength pancreatic enzymes were marketed (> 20 000 units of lipase). It was argued that fewer capsules would be more convenient and might improve patient compliance.
In 1994, Smyth and colleagues described a new complication aVecting cystic fibrosis patients. 6 Five young males with cystic fibrosis developed severe fibrotic narrowing of the ascending colon, requiring surgical resection. Subsequently, numerous additional reports emanated from cystic fibrosis centres in the United Kingdom, other parts of Europe, and the USA. [7] [8] [9] [10] [11] [12] The common factor among the majority of these children, all of whom were under 14 years of age, appeared to be conversion to high potency enzyme supplements approximately 12 months before the onset of symptoms. It was also noted that the total daily enzyme dosage was extremely high, ranging from 6500 to 58 000 U lipase/kg/meal. 12 Pathologically, the colon was characterised by mild to moderate mucosal inflammation and fibrotic thickening of the submucosa. 13 In a significant proportion of cases, eosinophilic infiltration of the colon was also evident. Some investigators reported an area of focal fibrosis, predominantly in the ascending colon, 6 while others described severe pancolonic involvement, with foreshortening and narrowing of the luminal diameter.
14 The term 'fibrosing colonopathy' has been coined to describe both the presymptomatic and symptomatic lesions. 15 In 1995, an epidemiologic case-control study conducted in the United Kingdom showed a strong dose related association between high strength pancreatic enzyme preparations and the risk of developing fibrosing colonopathy. 16 This study also suggested that other factors, such as the formulation of the coating material, may be important in the aetiopathogenesis of fibrosing colonopathy. However, a larger epidemiological study among cystic fibrosis care centres in the USA showed that enzyme dose alone was strongly associated with the risk of developing fibrosing colonopathy. 17 Specifically, the American casecontrol study failed to show an increased risk of fibrosing colonopathy attributable to product brand, product potency, or the nature of the coating material.
Despite a strong epidemiological association between enzyme dosage and the risk of fibrosing colonopathy, the exact aetiopathogenesis of this complication remains undetermined. Potential aetiological factors include: toxic damage by specific pancreatic enzymes, the coating material, impurities within pancreatic extracts, or an immunologically mediated mechanism induced by ingestion of high concentrations of enzymes. A previous study in our laboratory showed that older cystic fibrosis patients receiving pancreatic enzymes had an antigenic response to ingested porcine enzymes. 18 It remains possible, therefore, that young children treated with high doses of pancreatic enzymes are more susceptible to localised tissue injury or immune mediated colonic damage. Large concentrations of pancreatic proteases entering the colonic lumen could induce mucosal damage, permitting the enzymes to penetrate the submucosal layer; immune complex formation, or other immune mediated mechanisms of tissue damage could then induce the pathological changes observed in fibrosing colonopathy. To examine this possibility, we studied the temporal relation between the duration of enzyme treatment and the immune mediated response to enzymes in newly diagnosed infants with cystic fibrosis.
Methods

MATERIALS
Microtitre plates (Immulon 2, 96 well) were purchased from Dynatech Laboratories (Virginia, USA). Paranitrophenol phosphate substrate was purchased from Bio-Rad Laboratories (Ontario, Canada). Goat antihuman IgG, both conjugated and unconjugated, was purchased from Biosource International (Quebec, Canada). The microtitre plate reader was purchased from Molecular Devices Corporation (California, USA). The remaining materials were all of reagent grade.
PATIENTS
Serial serum samples were obtained from 14 patients with cystic fibrosis (six females, eight males) who developed meconium ileus at birth. The diagnosis of cystic fibrosis was established by abnormal sweat chloride levels within two months of birth; 72 hour faecal fat balance studies confirmed the presence of pancreatic insuYciency, and all subjects were started on enzyme treatment within the first few weeks of birth. Patient charts were examined to record the type and amount of porcine enzymes prescribed.
Seventy nine serial serum samples were obtained: nine at birth, eight within 0-0.5 years of age, nine within 0.5-1 years, seven within 1-1.5 years, eight within 1.5-2 years, 10 within 2-3 years, seven within 3-4 years, 15 within 4-5 years, and six after 5 years of age.
ELISA ASSAY FOR ANTIPORCINE TRYPSIN IgG
Sera were assayed according to the method previously developed by Couper et al. 18 This assay is specific for porcine trypsin since it does not cross react with human pancreatic trypsins to a significant degree. In brief, purified porcine trypsin, inhibited by tosyl-lysylchloromethylketone (TLCK), was adsorbed onto 96-well microtitre plates. After overnight incubation, the wells were first blocked with 1% bovine serum albumin in phosphate buVered solution (PBS-1% BSA) and then duplicate serum samples were loaded into wells, diluted to 1:1000 and 1:2000, respectively. After overnight incubation, goat antihuman IgG conjugated with alkaline phosphatase was added (1:5000 in PBS-BSA), and then paranitrophenol phosphate was added to the microtitre plate. The optical density was determined at 405 nm after 10 minutes using a microtitre plate reader. A standard curve was constructed based on known concentrations of human IgG. The ELISA (enzyme linked immunosorbent assay) method for measuring total IgG was essentially the same as that for measuring porcine trypsin IgG. Goat antihuman IgG was adsorbed onto the wells, followed by the serum samples, diluted 1:5000 with PBS-BSA and goat antihuman IgG, conjugated with alkaline phosphatase.
DATA ANALYSIS
Data are presented as mean (SD). Significance was determined by the Student's t test. Since all patients began enzyme treatment within two weeks of birth, each patient's age and the duration of enzyme therapy were considered to be synonymous.
Results
Total serum IgG varied considerably from patient to patient (range: 74.8-225 g/l), but values in each patient remained relatively constant both before and after the initiation of enzyme treatment (table 1) . Sera collected before starting enzyme treatment showed negligible concentrations of antiporcine trypsin IgG, at 2.9 (0.3) µg/ml. Following introduction of pancreatic enzymes, however, 13 of the 14 patients developed raised concentrations of antiporcine trypsin IgG (table 1 and fig 1) . Mean antiporcine trypsin IgG concentrations increased with duration of enzyme treatment, reaching peak concentrations at 7-12 months of age (p < 0.01 v levels at diagnosis). After 7-12 months, there was a gradual fall in serum antiporcine trypsin IgG concentrations, but they remained significantly above pretreatment values.
Daily enzyme dose (units of protease/kg/day) over the course of the study was estimated using data extracted from the clinical notes (table 2) . We chose to express enzyme dose as protease units rather than lipase units, because the antibody measurements were made against trypsin. Based upon information in the product insert, each enzyme capsule (Cotazym and Cotazym ECS) contained 8000 units of lipase and 30 000 units of protease. All 14 patients were on powdered enzymes (Cotazym) at diag-nosis. However, six patients were receiving enteric coated enzymes (Cotazym ECS) when the peak antiporcine trypsin IgG concentrations were identified. We emphasise that the enzyme dose in 13/14 patients was within the range of doses recommended in a recent consensus report on pancreatic enzyme treatment. 15 Only one patient, who was referred to our centre after diagnosis, was receiving an enzyme dose exceeding the recommended amount-in this case it was approximately fourfold higher (101 250 units protease/kg/ day) than the average intake in the remaining patients (26 250 units protease/kg/day). The mean daily enzyme dose when the peak antiporcine trypsin IgG concentration occurred (at 7-12 months of age) was 27 896 units protease/kg/day, which did not diVer significantly from the mean daily dose at start of treatment (23 333 units protease/kg/day, p = 0.173). Thus there was no obvious correlation between the daily enzyme dose and the immunological response.
Discussion
The immune and barrier function of the intestine is immature in early postnatal life. Previous studies have shown increased intestinal uptake of intact macromolecules in young infants 19 20 This process may be advantageous, since it provides a mechanism for transfer of immunoglobulins from maternal milk to the newborn. In other studies 21 22 the presence of foreign food antigens has been detected in the systemic circulation of newborn infants after oral ingestion. A study from our laboratory also found that exocrine pancreatic insuYciency results in increased intestinal permeability to small sugars. 23 Udall et al showed that ingested porcine trypsin is taken up intact into the systemic circulation of newborn infants. 24 25 Kimm et al evaluated the uptake of intact protein in the proximal colon of the rabbit. 26 Bovine serum albumin was absorbed intact across the colonic mucosa by a saturable energy and microtubular dependent process. Thus it is reasonable to infer that young infants with cystic fibrosis are at risk of enhanced intestinal absorption of potentially antigenic proteins, including porcine pancreatic enzymes.
Although the precise mechanisms and site of uptake have not been identified in humans, small intestinal or colonic absorption of foreign food antigens would be expected to mediate a systemic immune response. Furthermore, the colon may be more susceptible to protease damage than the small intestine.
1 -Antitrypsin, the major antiprotease in human plasma, may have a physiological role in maintaining tissue integrity within various organs. Local synthesis of 1 -antitrypsin within cells of various organs may confer tissue integrity by maintaining an appropriate balance between proteases and antiproteases. Carlson et al have shown that human 1 -antitrypsin mRNA is selectively expressed in the enterocytes of the small intestine, but not in the colon of transgenic mice that express the normal human 1 -antitrypsin gene. 27 A lack of synthesis of 1 -antitrypsin within the colonic mucosa may in turn increase its susceptibility to local tissue damage by massive quantities of luminal proteases.
Theoretically, if large doses of highly antigenic porcine enzymes are ingested as pH resistant enteric coated microspheres, the low small intestinal pH that occurs in patients with cystic fibrosis 4 5 may prevent the protective coating from dissolving until the microspheres reach the distal small intestine or even the colon. As a result, the colonic epithelium may be susceptible to injury by release of massive quantities of proteases. Intact porcine enzymes would be capable of penetrating the submucosa, causing local damage or forming immune complexes with circulating antibodies. Thus the aetiopathogenesis of fibrosing colonopathy may be similar to that of other immune complex diseases such as glomerulonephritis. 28 The presence of eosinophilic infiltrationwhich has consistently been observed in the colonic submucosa of aVected cases-and the observation that the pathological lesion may progress even when pancreatic enzymes are discontinued or greatly reduced 14 15 provide additional support for an immunologically mediated mechanism. However, in order to show conclusively that protease or immune complex mediated damage is involved in the pathogenesis of fibrosing colonopathy, additional studies should be undertaken. These might include immunohistochemical localisation of antigen or antigen-antibody complex deposition in colonic specimens from patients with fibrosing colonopathy or from an appropriate animal model.
Fibrosing colonopathy is more prevalent at an early age. In general, the diagnosis is established between seven and 15 months after starting treatment with high doses of enzymes. In a previous study from our unit, antiporcine trypsin IgG was not detected in control subjects, nor in cystic fibrosis patients with pancreatic suYciency who had not received pancreatic enzymes. 18 Antiporcine trypsin IgG concentrations were increased in patients with cystic fibrosis receiving pancreatic enzymes, but there was no association between the duration of enzyme treatment and the IgG response. However, most of the cystic fibrosis patients studied in the previous report were much older and had been receiving enzymes for considerably longer. In the current study, we deliberately selected cystic fibrosis infants who were diagnosed at birth because of meconium ileus in order to evaluate age related responses to the ingestion of porcine enzymes. After the introduction of enzymes, most patients showed a marked antigenic response to porcine trypsin, the peak serum concentration of antiporcine trypsin IgG coinciding with the average time of clinical presentation of reported cases of fibrosing colonopathy in other cystic fibrosis centres. [6] [7] [8] [9] [10] [11] [12] With only one exception, the patients evaluated in this study were not receiving enzyme doses that have been associated with an increased risk of fibrosing colonopathy. Furthermore, when expressed in units of enzyme activity per kg body weight, the patients were receiving fairly uniform doses of enzymes at all ages. For these reasons, we did not expect to identify a correlation between enzyme dose and the extent of the immunological response. Thus in future studies it would be prudent to evaluate the extent of the immune response in patients receiving higher doses of enzymes.
Although our study targeted porcine trypsin as a marker of response, other porcine enzymesincluding amylases, lipases, and other proteases-would be expected to induce a similar immunological eVect.
In conclusion, we have shown that a young patient cohort with cystic fibrosis and pancreatic insuYciency developed raised antiporcine trypsin IgG concentrations in response to ingestion of porcine enzymes. The peak elevation occurred 7-12 months after introduction of enzyme treatment, which coincides with the onset of fibrosing colonopathy in several clinical reports. [6] [7] [8] [9] [10] [11] [12] Thus local injury induced by massive quantities of pancreatic proteases or immune mediated mechanisms may be responsible for the pathological changes in fibrosing colonopathy.
